Expressions of innate immune response proteins, most notably proinflammatory cytokines, against enteroviral (EV) infection have been documented in the heart of human dilated cardiomyopathy (DCM). Toll-like receptor 4 (TLR4) activates signaling pathways leading to the expression of proinflammatory cytokines implicated the etiology of DCM. We sought to determine whether EV replication activates TLR4-dependent immune response in myocardium obtained from patients with DCM. Endomyocardial biopsy tissues were obtained from 56 patients with DCM and 10 controls. Levels of plus-and minus-strand EV RNA and TLR4 mRNA were measured by real-time RT-PCR. Immunohistochemical analysis was performed to identify the cellular source of EV capsid protein VP1 and TLR4. Both plus-and minus-strand EV RNA were detected in 19 DCM patients (34%). Neither strand of EV RNA was detected in controls. TLR4 mRNA levels were higher in DCM patients than in controls (Po0.001). A positive correlation was found between TLR4 levels and each strand type of EV RNA in EV RNApositive patients (plus-strand vs TLR4: r ¼ 0.69, Po0.001; minus-strand vs TLR4: r ¼ 0.65, P ¼ 0.002). VP1/TLR4 double staining showed extensive colocalization of VP1 and TLR4 proteins in cytoplasm of cardiac myocytes in myocardium obtained from DCM patients. EV RNA-positive patients showed lower systolic function and larger ventricular volume compared with EV RNA-negative patients left ventricular ejection fraction (LVEF): P ¼ 0.002; left ventricular end-systolic diameter (LVESD): P ¼ 0.004). The DCM subgroup with high TLR4 levels showed lower LVEF and larger LVESD than the subgroup with TLR4 levels (both Po0.001). This study suggests that myocardial expression of TLR4 associates with EV replication in human DCM. EV RNA and TLR4 mRNA levels may correlate with LV dysfunction in DCM. The expression of TLR4 against EV replication may be involved in the pathogenesis of DCM.
Enteroviral (EV) RNA has been detected in a proportion of patients with dilated cardiomyopathy (DCM). 1, 2 It has been demonstrated that the detection of EV RNA in myocardium of DCM patients is associated with adverse prognosis. 3 In particular, the presence of minus-strand EV RNA indicates active viral replication, and plays a role in the development of myocardial injury in DCM. 4 Our previous study has reported that myocardial expression levels of tumor necrosis factor-a (TNF-a) and EV RNA were increased in patients with DCM regardless of etiology of left ventricular (LV) dysfunction. 5, 6 It is likely that an immune response against viral pathogens is important in the pathogenesis of DCM. However, the precise mechanism underlying tissue injury in virus-mediated cardiomyopathy is not clear.
A family of toll-like receptors (TLRs) has recently been identified as a key component of pathogenassociated molecular pattern recognition machinery. 7 At least nine types of human TLRs have recently been identified. 7 It has been shown that active TLR4 led to expression of nuclear factor-kB (NF-kB)-controlled genes for proinflammatory cytokines that are required for activation of the immune response.
8 TLR4 may therefore be an important factor in the signaling pathway in the host immune system in response to infectious disease. It has recently been reported that activation of antiviral immune response via TLR4 is important in the pathogenesis of viral infection. 9 The purpose of this study was to determine whether TLR4 was expressed with EV replication, and to analyze the relationship between levels of TLR4 expression and clinical severity of DCM.
Materials and methods

Subjects
Endomyocardial tissues were obtained from 56 patients with primary DCM by right ventricular endomyocardial biopsy (42 male and 14 female patients; mean age 50.372.2 years). The clinical diagnosis of DCM was made according to the World Health Organization/International Society and Federation of Cardiology Task Force criteria. 10 Echocardiography was used to determine left ventricular ejection fraction (LVEF) and diameter immediately before the biopsy.
Control myocardial tissue samples were obtained by endomyocardial biopsy from 10 subjects (seven male and three female subjects; mean age 44712 years) with suspected cardiac disorder on the basis of ECG abnormality and echocardiographic changes, such as a slight increase in wall thickness without LV dysfunction. The resulting pathology findings showed no evidence of myocardial disease and these subjects were designated as controls. This study protocol was approved by our hospital ethics committee, and written informed consent was obtained from all subjects.
As a positive control of RT-PCR for EV RNA detection, we used HeLa cells incubated with 10 6 plaque-forming units coxsackievirus B3 (CVB3) (Nancy strain).
Extraction of RNA
Total RNA was extracted from endomyocardial tissues and positive control cells by the acid guanidinium thiocyanate-phenol-chloroform method, and treated with DNase I (GIBCO BRL).
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Primers and TaqMan Probes
Plus-and minus-strand EV RNAs were amplified by using two sets of primers and TaqMan probes that recognized the 5 0 uncoding genomic region (forward primer: 5 0 GGG CGC TAG CAC TCT GGT AT 3 0 , reverse primer: 5 0 GCC GGA TAA CGA ACG CTT T 3 0 and TaqMan probe: 5 0 ATC AAG CAC TTC TGT TAC CCC GGA CTG A 3 0 ). 12 The published sequence for human TLR4 was used for construction of primers and TaqMan probe (forward primer: 5  0 TGA TTG  TTG TGG TGT CCC A 3 0 , reverse primer: 5 0 TGT CCT CCC ACT CCA GGT AA 3 0 and TaqMan probe: 5 0 TCC TGC AGA AGG TGG AGA AGA CCC T 3 0 ). 8 For all myocardial specimens, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was amplified using TaqMan GAPDH control reagents as an internal control (PE Biosystem, Foster City, CA, USA).
Real-time RT-PCR
Total RNA of each biopsy was transcribed into cDNA of TLR4 and GAPDH by MultiScribe RT with random hexamers (TaqMan Gold RT-PCR kit, PE Biosystem). In separate experiments to determine the polarity of EV RNA, the cDNA of plus-strand EV RNA was synthesized in 10 ml of solution containing 100 ng total RNA, 10 Â TaqMan RT-buffer, 10 mM deoxyNTPs mixture, 20 mM EV reverse primer and 1.25 IU MultiScribe RT as described by the manufacturer. The cDNA of minus-strand EV RNA was synthesized in the same way using EV forward primer instead of EV reverse primer. The RT reaction was performed at 371C for 30 min, and heated at 951C for 5 min to inactivate RT activity.
PCR mixture was added to each RT mixture containing 0.025 U AmpliTaq Gold DNA polymerase, AmpErase UNG, 25 mM MgCl 2 , primer and TaqMan probe, and 10 Â TaqMan buffer A. Each of 40 reaction cycles consisted of denaturation for 15 s at 951C, and annealing and extension for 1 min at 601C. To improve the accuracy of real-time RT-PCR for quantification, amplifications were performed in triplicate for each RNA sample. To account for variations in input RNA and RT efficiency, EV RNA and TLR4 levels were normalized to GAPDH expression in each sample. To account for PCR amplification of contaminating genomic DNA, a control without RT was included.
Immunohistochemistry
EV capsid protein VP1/TLR4 double staining was performed on serial paraffin sections to determine the cellular source of EV capsid protein VP1 and TLR4. Monoclonal mouse anti-enterovirus against EV capsid protein VP1 (Dako, Glostrub, Denmark) and mouse monoclonal IgG 2a against human TLR4 (Santa Cruz Biotechnology) were used as primary antibodies. The tissue sections were deparaffined and thoroughly dehydrated. After inhibition of endogenous peroxidase and blocking of non specific reactions, mouse monoclonal IgG 2a against human TLR4 was applied. Biotinylated mouse immunoglobulin was used as a secondary antibody. Peroxidaselabeled streptavidin (Histofine, MAX-PO kit, Nichiren Corp) was applied and visualized using diaminobenzidine as a chromogen.
For double-staining, mouse monoclonal IgG 2a against human TLR4 was first stained as mentioned above. Thereafter, the sections were incubated with monoclonal mouse antienterovirus against EV capsid protein VP1 at 41C overnight, followed by incubation for 30 min with rabbit anti-mouse immunoglobulin and alkaline phosphatase anti-alkaline phosphatase, and visualized with FastBlue (Histofine, SAP-AP kit, Nichiren Corp). The specificity of the immunohistochemistry was confirmed by substituting the primary antibodies with mouse 
Statistical Analysis
All values are presented as mean7s.e. Statistically, the differences in EV RNA and TLR4 expression levels between the DCM and control groups were analyzed by unpaired t test. Pearson's correlation coefficients were used to examine the relationship between levels of mRNA expression and clinical parameters. A value of Po0.05 was considered statistically significant.
Results
EV RNA and TLR4 mRNA Levels in Myocardial Tissues
Plus-and minus-strand EV RNAs were detected in 19 (34%) of the 56 patients with DCM (mean levels of plus-strand EV RNA/GAPDH ratio and minusstrand EV RNA/GAPDH ratio in EV RNA-positive patients with DCM: 1.6370.37 and 1.2770.30, respectively). All patients who were positive for minus-strand EV RNA were also positive for plusstrand EV RNA. A positive correlation was found between plus-and minus-strand EV RNA levels in EV RNA-positive patients with DCM (r ¼ 0.90, Po0.001) ( Figure 1 ). Neither strand of EV RNA was detected in controls. In infected HeLa cells, the level of plus-strand EV RNA was higher than that of minus-strand EV RNA (plus-strand EV RNA/ GAPDH ratio: 24076.6871830.32, minus-strand EV RNA/GAPDH ratio: 285.61714.15).
TLR4 mRNA levels were higher in patients with DCM than in controls (TLR4/GAPDH ratio: 0.2470.03 vs 0.0170.004, Po0.001). TLR4 mRNA levels were higher in EV RNA-positive DCM patients than in EV RNA-negative DCM patients (TLR4/GAPDH ratio: 0.3870.06 vs 0.1670.03, P ¼ 0.001) (Figure 2) . A weak positive correlation was found between each strand of EV RNA and TLR4 mRNA levels in 19 EV RNA-positive patients with DCM (plus-strand EV RNA vs TLR4: r ¼ 0.69, Po0.001; minus-strand EV RNA vs TLR4: r ¼ 0.65, P ¼ 0.002).
Immunohistochemistry for TLR4 and EV Capsid Protein VP1
EV capsid protein VP1 was detected in 17 of the 56 patients with DCM (30.3%). As shown in Figure 3a , immunostaining of VP1 was observed in cytoplasm of cardiac myocytes in myocardium from patients with DCM. VP1 signals were found in scattered cardiac myocytes and myofibers in DCM. Both plusand minus-strand EV RNA were detected in all VP1-positive patients with DCM. TLR4 immunostaining was positive in 35 patients with DCM (62.5%). VP1/ TLR4 double staining showed extensive colocalization of VP1 and TLR4 proteins in cytoplasm of cardiac myocytes in myocardium obtained from DCM patients (Figure 3a) . TLR4 mRNA levels were TLR4 and enteroviral replication in DCM M Satoh et al higher in DCM patients with TLR4 immunostaining than in those without TLR4 immunostaining (TLR4/ GAPDH ratio: 0.3370.04 vs 0.0670.02, Po0.001). TLR4 immunostaining was also positive in all EV capsid protein VP1-positive patients with DCM. There was no evidence of nonspecific immunostaining in myocardial tissues obtained from patients with DCM. Neither VP1 nor TLR4 immunostaining was present in any specimens from control subjects (Figure 3b ). Table 1 summarizes results of RT-PCR and immunohistochemistry, and clinical outcomes in DCM patients. EV RNA-positive patients with DCM (n ¼ 19) showed significantly lower LVEF compared with EV RNA-negative patients with DCM (n ¼ 37) (27.371.2% vs 34.671.5%, P ¼ 0.002) (Figure 4a ). LV end-systolic diameter (LVESD) was larger in EV RNA-positive patients than in EV RNA-negative patients (54.471.4 mm vs 50.370.6 mm, P ¼ 0.004) (Figure 4b ). There was weak negative correlation between plus-strand EV RNA levels and LVEF in EV RNA-positive patients with DCM (r ¼ À0.52, P ¼ 0.02). Both plus-and minus-strand EV RNA levels were also correlated positively with LVESD in EV RNA-positive patients with DCM (plus-strand EV RNA vs LVESD: r ¼ 0.68, P ¼ 0.001; minus-strand EV RNA vs LVESD: r ¼ 0.59, P ¼ 0.007).
Clinical Outcome
We examined the differences in LVEF and LVESD between two groups with DCM divided relative to the mean TLR4 mRNA/GAPDH ratio ( ¼ 0.24). The group with high TLR4 (Z0.24) showed lower LVEF and larger LVESD than the group with low TLR4 (o0.24) (LVEF:
Discussion
The most important finding of the present study is high levels of TLR4 mRNA and EV RNA in myocardium obtained from DCM patient with advanced LV dysfunction. Both strand types of EV RNA were positive in DCM patients, suggesting the possibility of EV replication in myocardium. Furthermore, there was a positive correlation between TLR4 mRNA and EV RNA levels in DCM patients. Both VP1 and TLR4 immunostaining were seen in scattered cardiac myocytes in DCM. These data therefore support a link between the toll signaling pathway and EV replication in human DCM.
Transcription of minus-strand RNA from the plusstrand EV genomic template is the essential first step of EV replication. This minus-strand RNA is then used as a template to generate multiple copies of plus-strand genomes that are translated into EV structural proteins and ultimately packed into new virions. 13 Therefore, detection of minus-strand EV RNA is an indicator of active EV replication. In this study, minus-strand EV RNA was detected in all plus-strand-positive DCM patients. These findings indicate that active EV replication occurs in the myocardium in a significant proportion of cases of DCM.
Levels of the two strand types of EV RNA were comparable (plus-strand: 1.6370.37, minus-strand: 1.2770.30), and were positively correlated in DCM patients. No report has yet shown myocardial genome levels of both-strand EV RNA in human DCM. In a mouse model with persistent coxsackievirus infection, actual levels of plus-and minusstrand EV RNA were nearly equal in persistence in TLR4 and enteroviral replication in DCM M Satoh et al suggest that plus-strand RNA synthesis could diminish as RNA polymerase activity subsides, leading to double-stranded EV RNA replication. EV RNA replication may therefore persist in myocardium in human DCM. The mechanism of equal synthesis of the two strands of EV RNA in these in vitro situations is unclear, but it is possible that downregulation of RNA polymerase activity occurs This study has shown advanced LV dysfunction in EV RNA-positive patients with DCM compared to EV RNA-negative patients. There was a negative correlation between EV RNA levels and LVEF.
Wessely et al 17 have demonstrated that the transgenic expression of replication-restricted EV genome in the heart could induce LV dysfunction. In this model, defective-contraction coupling and a decrease in the magnitude of isolated myocyte shortening were observed. 17 It has been reported that the presence of active EV replication can be a marker for poor outcome in patients with DCM. 4 VP1 protein can be found in all DCM patients with both-strand EV RNA. These results suggest the possibility of viral protein synthesis in host cells during virus persistence. Li et al 18 have demonstrated that the pattern of VP1 detection may correlate with disease stage and severity of DCM. Therefore, detection of VP1 protein and both plusand minus-strand EV RNA may indicate the persistence of infection in the heart, and may facilitate LV dysfunction in DCM.
At least two TLRs, including TLR2 and TLR4, have recently been implicated in lipopolysaccharide (LPS)-induced signal transduction. 7, 8 Although TLR2 expression is essential for responses to Gram-positive bacteria, mycobacteria and spirochetes, it is not required for responses to viral protein. [19] [20] [21] The activation of TLR4 induces a variety of cytokines and costimulatory molecules that are crucial to immune responses. 8 Recent study has reported that activation of antiviral immune response via TLR4 and CD14 is important in the pathogenesis of viral infection. 9 A TLR4-deficient mouse model has shown that inflammatory cells did not produce any detectable levels of proinflammatory cytokines in response to LPS. 22 Fairweather et al 23 have reported that TLR4 influenced coxsackievirus replication in mouse model with CVB3-induced myocarditis. This model has also shown that TLR4-deficent mice had significantly reduced levels of myocarditis, viral replication and inflammatory cytokine levels. 23 Our previous study has shown that increased expression of TLR4 is associated with EV replication in human myocarditis. 24 These reports suggest that activation of TLR4 may play an important role in host immune response against viral infection. In the present study, high levels of TLR4 mRNA expression were seen in DCM patients positive for both plus-and minus-strand EV RNA. A positive correlation was also found between TLR4 mRNA and levels of each strand type of EV RNA. TLR4 immunostaining was found in VP1-positive myocytes obtained from DCM patients. In agreement with these findings, Frantz et al 25 have reported that TLR4 was abundantly expressed in dysfunctional cardiac myocytes in failing human hearts. However, the trigger for toll expression in failing heart was not clearly identified in Frantz's report. The present study has shown that EV replication may produce both viral protein and RNA in the heart. A mouse model of TLR4 expression has demonstrated that viral protein was an important factor for TLR4 activation during the immune response to a viral pathogen (respiratory syncytial virus) and that TLR4 was an important contributor to the immune response against viral replication.
26 It is therefore likely that activation of antiviral immune response via TLR4 is triggered by EV replication, and is important in the pathogenesis of DCM.
Another important finding of this study was high levels of both TLR4 mRNA and EV RNA with advanced LV dysfunction in DCM. An EV genometransgenic mouse model has demonstrated that the presence of both strands of EV RNA may activate an intracellular signaling mechanism such as the NF-kB signaling pathway.
17 TLR4 activates a host immune response that is critical for upregulating the synthesis of a variety of inflammatory mediators and endogenous proteins, such as chemokines, celladhesion molecules, proinflammatory cytokines, inducible nitric oxide synthase (iNOS) and heatshock proteins. 8, 27, 28 Our previous studies have demonstrated that TNF-a cascade is activated in human DCM via expression of its converting enzyme and iNOS and that this activation may be related to the clinical severity of DCM. 5, 6, 29 Although this study could not confirm a direct causal relationship between activation of the TLR4-signaling pathway and LV dysfunction induced by inflammatory mediators, the LPS-challenged mouse model has demonstrated that TLR4 is tightly linked with NF-kB activation and expression of proinflammatory cytokines such as interleukin 1 and TNF-a in the heart. 30 These inflammatory mediators have been shown in various reports to produce LV dysfunction. 5, 6, 29, 31, 32 Nemoto et al 33 have recently reported that LPS challenge resulted in depression of LV systolic function in wild-type mice, whereas no significant changes in LV systolic function were noted in TLR4-deficient mice. The activated TLR4-signaling pathway in the heart may therefore be linked to inflammatory mediators (eg proinflammatory cytokines and iNOS) and to cardiac dysfunction. These observations suggest that activation of the toll-signaling pathway via EV replication may mediate inflammatory mediators and may induce LV dysfunction in human DCM. Therefore, TLR4-mediated-immune response to EV replication may allow new approach for treatment of human DCM.
In conclusion, the present study has demonstrated TLR4 expression with the detection of EV RNA and EV protein suggesting the activation of the toll signaling pathway via EV replication in human DCM. In addition, EV RNA and TLR4 mRNA levels may be related to the clinical severity of DCM. The activation of the toll signaling pathway against EV replication may therefore be involved in the pathogenesis of DCM.
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